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u w : A r e s e a r c h e f f o r t has been i n i t i a t e d a t t h e N a t i o n a l
Bureau o f Standards t o develop a s m a l l batch manufacturing system
t o support study and exper imentat ion i n automated metrology and
i n t e r f a c e s tandards f o r the computer i n t e g r a t e d f a c t o r y of t h e
future. When completed, t h e r e s u l t i n g t e s t b e d system will be
made a v a i l a b l e f o r f u n d a m e n t a l s t u d i e s I n m a n u f a c t u r i n g
technology by s c i e n t i s t s and engineers f rom government, industry,
and un i ve r s i t i e s . This paper will r e p o r t on the progress o f
m a j o r s o f t w a r e and hardware subpro jec t s t h a t a r e be ing c a r r i e d
ou t i n support o f the construct ion o f the AMRF.

The b a s i c approach t o the r e s e a r c h e f f o r t i s t o t a k e t h e
st ructure o f an automated manufacturfng f a c i l i t y and decompom
the func t i ona l elements I n a top-down fash ion u n t i l the elements
are no longer d i v i s i b l e . A t t h i s l e v e l , systems are def ined fo r
robots, machine too ls , car ts , conveyors, and other s i m i l a r type
units. The p r o j e c t will define the processes t h a t occur a t each
l e v e l , how they can be measured us ing sensors with s o f t w a r e
support, and the i n t e r f a c e spec i f i ca t ions between modules.

P r o j e c t s will address t h e a p p l i c a t i o n s o f 1) h i e r a r c h i c a l
c o n t r o l techniques t o implement the fac to r y command structur8, 2)
a r t i f i c i a l i n t e l l l g e n c c / e x p c r t systems, and d e c i s i o n support
systems f o r work on d i s t r i bu ted process planning and scheduling
functions, 3 ) d i s t r i bu ted data management systems t o handle the
problem o f &-wide spectrum o f data requirements, and 4) network
commun ica t i ons techniques t o manage the v a r i o u s da ta f l o w
requirement through a l l l e v e l s o f t h e f a c t o r y system.

O t h e r p r o j e . c t s will address t h e i s s u e of s o f t w a r e suppor t
sys tems f o r an a u t o m a t e d system. G r a p h i c s i n t e r f a c e s f o r a
manuf a c t u r f n g env i ronmen t will be deve loped based o n human
engineering considerat ions. S i m u l a t i o n and emu la t i on systems are
and wi.11 con t i nue t o be used f o r t h e d e s i g n and t e s t i n g o f
au t omat e d sy stem s.

Some p r o j e c t s will address t h e p r o b l e m o f making t h e
elementary unit, such as robota, more capable o f responding t o a
changing environment. These p ro j t c t s inc lude adding many types
o f sensors - v is ion , t a c t i l e , f o r ce , p r o x i m i t y , etc. t o the r o b o t
system t o a l l o w f o r a more sensory i n t e r a c t i v e r e a l t i m e c o n t r o l
system. A continuing p r o j e c t u t i l i z i n g sensors on machine t o o l s
h a s d e m o n s t r a t e d t h e a b i l i t y t o i m p r o v e a m a c h i n e t o o l ' s
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accuracy. These p r o j e c t 8 will l e a d t o a d a p t i v e c o n t r o l be ing
performed a t the equipment leve l .

I. Intraductian
The N a t i o n a l Bureau of Standards (NBS) i s address ing t h e

measurement and standards needs f o r the automat ion o f t h e sma l l
ba tch , d i s c r e t e p a r t s manufactur ing I n d u s t r i e s such as those
supp l y i ng p a r t s f o r a i r c r a f t , automobi les, and i n d u s t r i a l
machinery. These i n d u s t r i e s produce goods t h a t account f o r 75
p e r c e n t o f e l l 0,s. t r a d e i n manufactured goods. Al though t h i s
s e c t o r o f t h e U.S. economy inc ludes 35 pe rcen t o f a l l U.S.
manufacturing f irms, over 100,000 o f these f i rms (or 87 percent
o f t h e t o t a l ) have l e s s than 50 employees. It now appears t h a t
these industr ies must automate t o successful ly compete, i n both
f o r e i g n and domest ic markets, with Jupan, Germany, and o t h e r
i n d u s t r i a l c o u n t r i e s wh ich have m a j o r government sponsored
programs i n automation.

The a s p e c t of manu fac tu r i ng t h a t h a s been chosen f o r
research i s the complete ly automated small - batch maaufactur i ng
system, o r f l e x i b l e manufac tu r ing system. It c o n s i s t s o f such
elements as m e t a l cu t t ing machines, computers, terminals, robots,
conveyers, and measuring o r i n s p e c t i o n systems. Such a system
produces a v a r i e t y of shapes and sizes o f par ts and may assemble
them i n t o l a r g e r systems; f o r example, gearb, shafts, and cases
i n t o transmisai ons.

The r o l e o f NBS i n automated manufacturing I s twofo ld: 1) t o
prov ide t h e basis f o r measurement assurance, a means by which tho
d imens iona l a t t r i b u t e s o f manufactured products can be t raced t o
n a t i o n a l standards; and 2) t o a s s i s t i n the development o f those
v o l u n t a r y s tandards necessary f o r t h e success fu l au toma t i on o f
i n d u s t r y , B a s i c and e x p l o r a t o r y r e s e a r c h i s c a r r i e d out , as
needed, t o support these major functions.

An Automated Hanufacturing Research F a c i l i t y (AHRF) i s being
developed - toserve as a major testbcd and demonstrat ion f a c i l i t y
t o support the automat ion research o f NE9 s t a f f and researchers
f rom industry, academia, and other government agencies. When it
becomes f u l l y o p e r a t i o n a l i n 1986, the AERF will prov ide both a
focus f o r research e f f o r t s and a center f o r continuing studies o f
t h e t e c h n o l o g i e s and t h e i n t e r f a c e s t a n d a r d s t h a t a r e r e q u i r e d
f o r t h e automated product ion o f s m a l l batches of machined parts.
The f a c i l i t y will a l s o f u n c t i o n as an i m p o r t a n t t e c h n o l o g y
t rans fe r v e h i c l e f o r communicating s ta te - of - the - ar t technology t o
o the r government agencies and t h e i r contractors.

'This i s t o c e r t i f y t h a t t h i s a r t i c l e was p r e p a r e d by U n i t e d
S t a t e s Government employees as p a r t o f t h e i r o f f i c i a l d u t i e s and
i s t h e r e f o r e a w o r k o f t h e U.S. Government and n o t s u b j e c t t o
copyr igh t .
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I n t h e p r ~ c d s sor' devcr::erJing t h e b#RF, s t a f f s c i e n t i s t s a t
MBS a r t d c l f n c z ~ i n z a ~ dd e f l a i n g those h c b n o l o g i e s necessary f o r
t h e automaced discrete! ppr ts manufacturing systems o f t h e future.
Ongoing p r Q j e c L 2  re i n v e s t i g a t i n g t h e a p p l i c a t i o n c i c o n t r o l
t h e o r y t o m a n u f a c t u r i a g sys%;c1os, t R a mapping and s o f t u a r e
c o r r e c t i o n of s y s t e m a t i c e r r o r s i n n u m e r i c a l l y c o n t r o l l e d (NC)
m a c h i n a t o o l a , p r e c i s i o n sensors, produc3Soc process p lann ing,
r o b o t cont, ro l and gr ipper design, computer v i s ion , machined p a r t
deburring, determd n i s t i c met ro logy , and i n t e r f a c e s necessary f o r
o v e r a l l s y s t m s int l2grat ion. I n d u s t r i a l research associates and
u n i v e r s i t y e c g i a c e r s a r e p a r t i c i p e t i n g i n t h e w o r k on s i t e .
S u p p o r t f o r ssgaen t s o f t h e AH2F i 5 b e i n g p r o v i d e d by Indus t ry
and othef.3' gov97naend; aggcrxcie&

A p r i a a r y oSJse tLve o f t h e AHRF p r o j e c t i s t o i d e n t i f y
p o t e n t i a l s t am la rds f o r the nany i n t e r f a c e s t h a t will be requ i red
Setueer! conpon,onts o f a compute? - intcgratCd manufacturing ( C I M )
system, n a n e l y t h e subsystems u b l c k p r o w i d e f o r t h e d e s i g n o f
p a r t s and t o o l i n g , p r o d u s t i o n p r o c e s s p lann ing , and c o n t r o l of
t h e m a n u f a c t o r i c g o p e r a f i c n s , I n a t y p i c a l manufactur ing
f a c i l i t y , t h e s e f a n e t i o n 3 *dillbe p e r f o r m e d i n computer - a ided
des ign ( C A D I , c o m p u t e r - a i d e d process planning (CAPP), and
c o m p u t e r - a i d e d m a c u f a c t u r i n g ( C A N ) systems. There a r e many
i n t e r f a c e s i n such a f a c i l i t y . For example? t h e CAD system must
p r o v i d e p a r t des i gn da ta i n usab le f o r m a t s f o r t h e CAPP system
and f o r a ~ a r i e t yo f oys",ns w i t h a u t o m a t e d c o n t r o l l e r s ,
i n c l u d i n g i 3 d u s t y i a l r o b o t s , H C mach ine t o o l s , and c o o r d i n a t e
m e a s u r i n g n s c h i n e s i C H H ) . W h e r e v e r t h e r e a r e a p a i r o f
c o m p u t e r i z e d components i n t e r a c t i n g , an I n t e r f a c e ,exists - If t h e
components a r e made by d l T f e r e n t manufacturers they o f t e n cannot
be d i r e c t l y c a u p l e d e x c e p t by t h e deve lopmen t o f custom -made
i n t e r f a c e s . B u i l d i n g t h e s e i n t e r f a c e s one a t a t i m e I s c o s t l y
and u s u a l l y r t q u i r z s a h fah ly s k i l l e d s t a f f . Thus, these system
i n t e g r a t i o n e f f o r t s a r e n o r m a l l y nc t w i tk fn the c a p a b i l i t i e s of
t h e s m a l l and medium - sized machine shops. The s o l u t i o n t o t h i s
p r o b l e m i s t c e l i s i n a t e t h e need f e r custom -made i n t e r f a c e s by
t h e deve lopment of industry - wide standards. Such standards will
r e q u i r e a f i ;grecraeP;t am038 many corporat ions; no s i n g l e firm can
e l f a i - . a t e t h i s b z r r i e r whfcn hinders t h e development o f mult i -
vendor C I M systen!s.

Ii,AnRF

To p r o v i d e 'a r e a l i s t i c t e s t o f p o t e n t i a l s t a n d a r d c o n t r a 1
s y s t e m a r c k i t a c t u r r s a a d H S S c o n c e p t s o f p r o c e s s o r
d e t e r m i n i s t i c m e t r o i a g y , a n A u t o m a t e d Manufactur ing Research
F a c i l i t y (A!3R?) i s b e i n g c o n s t r u s t e d i n a SO00 square f o o t a r e a
o f o u r o n - s i t e I n s t r u m e n t Shop ( F i g . 1 ) f n G a i t h e r s b u r g ,
Yaryland.

,..i n e -4953 v i 2 1 s u p c t f i c i a i i y r e s e m 3 l c a f l e x i b l e
m a a u f a c f c ? F n ~ s y 3 t a s I IFKS) d e s i g n e a t o h a n d l e t h e b u l k o f t h e
p a r t a i x now p r a c e s s r d in t n e NBS Ins t rumen t Shop f o r i n t e r n a l
use by s c i e u t i f i z s t a f f . T h i s F a r t m i x has been s t u d i e d u s i n g
group zechnolog:? (CT; c o r . ~ e ~ t sand i s s i m i l a r ' to t h a t found i n a
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t y p i c a l machincd -parts j o b shop. The par ts produced by the AHRF
will be subjec t t o the fo l lowing constraints which represent the
Instrument Shop's work load:

Weight: l ess than 45 k i l o g r a m
(100 lbs.)

Size, Prismatic: 300 mm cube8
(12" x 12" x 12")

Size, Rotat ional : 250 mm diameter
x 250 mm leng th
(10" x I O " )

Par ts Run: 1 t o 1,000 pfeces

Complexity: Up t o 4 rx ts - pr tsaa t lo

Hate r ia l s : Steel, s ta in less steel,
aluminum, brass, iron, l u c i t e

The AHRF will address only the manufacture of d i s c r e t e par ts
by ch ip forming meta l removal. Hence, the uni t operat ions will
inc lude f ix tur ing, mi l l ing, d r i l l i ng , reaming, tapping, boring,
turning, facing, threading, cleaning, dcburrlng, and inspection.
C u r r e n t l y t h e r e a r e no plans t o i n v e s t i g a t e such processes as
automated assembly, welding, hardening, and finishing.

The shop f l o o r l a y o u t o f t he PHRF i s based on t h e concept of
f u l l y au tomated works ta t i ons , each with a w e l l - d e f i n e d s e t o f
funct ions and capable o f running i n a stand -alone mode. A t y p i c a l
machining w o r k s t o t l o n will i n c l u d e a n i n d u s t r i a l robo t , an I C
machine t o o l , a l o c a l s t o r a g e b u f f e r f o r t o o l s and m a t e r i a l s , a
m a t e r i a l hand l ing system i n t e r f a c e , and a u o r k s t r t i o n con t?o l
computer which in teg ra tes and coordinates the operat ions o f t h e
components l i s ted .

The current development plrn f o r the IBS research f a c i l i t y
c a l l s f o r seven stat ions o f vary ing degrees o f complexity. These
s t a t i o n s "and t h e i r component systems a r e r e p r e s e n t a t i v e o f
genera l purpose product ion equipment i n common use throughout t h e
U n i t e d S t a t e s . The equipment s e l e c t e d a l s o m e e t s t h e mach in ing
needs o f t h e NBS Ins t rumen t Shops as i n d i c a t e d by t h e group
technology study. The seven s ta t i ons are:

(a) Ho r i zon ta l Machining S t a t i o n

V e r t i c a l Machining S t a t i o n

(c) Turning S t a t i o n

(d l I nspec t i on S t a t i o n

Mat c r i a 1s Inven to ry S t a t i o n



(e) Housekeeping System

I t e m s ( f ) and (81, t h e M a t e r i a l H a n d l i n g and t h e
Housekeeping Systems, a r e n o t s t r i c t l y s t a t i o n s s i n c e they a r e
n o n - l o c a l i z e d i n t h e f a c i l i t y . From t h e p o i n t o f v i e w o f t h e
c o n t r o l system, however, they will be t r e a t e d as stat ions.

The c o n t r o l a r c h i t e c t u r e under I n v e s t i g a t i o n I s shown i n
(Fig. 2). The two d i s t r i b u t e d h i e r a r c h i c a l d a t a bases c o n t a i n
a l l f a c i l i t y planning and con t ro l information.

The planning d a t a base c o n s i s t s o f a l l d a t a necessary t o
manufacture the selected p a r t mix , inc lud ing p a r t dimensions and
geomet ry , d e s i r e d g r i p p o i n t s f o r r o b o t handl ing, and t o o l and
m a t e r i a l requiremcnls. The process plans f o r rou t i ng and
schedu l ing , as w e l l as c u t t e r l o c a t i o n f i l e s needed t o p e r f o r m
t h e var ious machining operat ions are found i n the sane data base.

The c o n t r o l d a t a base con ta ins dynamic, f a c t o r y s ta tus
in format ion , inc lud ing management i n f o r m a t i o n dat8 used t o t r r c k
o r d e r processing. A l s o i n c l u d e d a r e t h e s ta tus d a t a f o r a l l
c o n t r o l systems, tools, robots, and computers i n the hierarchy,
as w e l l as each work o r d e r i n progress. B o t h da ta bases a r e
accessed by a number o f con t ro l modules i n the hierarchy.

Informat ion i s passed from one con t ro l l e v e l t o another and
f r o m one computing module t o another through t h e data bases which
serve as common memory. The c o n t r o l system o f the AHRF i s based
on a h i e r a r c h y o f t a s k d e c o m p o s i t i o n modules and feedback
processors. Higher l e v e l c o n t r o l modules decompose complex tasks
i n t o s i m p l e r ones. The s i m p l e tasks a r e issued as commands t o
c o n t r o l l e r s a t the next l o w e r leve l . Feedback processors acan the
a p p r o p r i a t e l e v e l s o f t h e d a t a base, and e x t r a c t and process
sensory and s t a t u s i n f o r m a t i o n needed by c o n t r o l module8 a t
h i g h e r l e v e l s . Th is processed sensory feedback d r t r i s r t r o
passed bc tueen c o n t r o l systems through t h e common memory
mechanism. The cont ro l rnd data management a r c h i t e c t u r e c l e a r l y
d is t ingu ishes t h e AHRF from ' just another F'HS" and prov ides t h e
b a s i s f o r much o f t he NBS research a c t i v t t f e s .

I

The paper descr ibes research p r o j e c t s underway t o implement
t h e AHRF with emphas l s p l a c e d on a m a j o r a s p e c t o f t h e p r o j e c t ,
t h e deve lopmen t of t h e m a n u f a c t u r i n g p lann ing and c o n t r o l
software. Also described a r c t h e support sof tware t o o l s used i n
t h e deve lopmen t o f t h e c o n t r o l system. F i n a l l y the system
h a r d w a r e l n t e g r a t l o n p r o j e c t s , i n c l u d i n g t h e enhancement o f
c o m m e r c i a l l y a v a i l a b l e hardware , such a5 r o b o t s and machine
t o o l s , w i t h s p e c i a l s e n s o r s and c o n t r o l l e r s t o p r o v i d e
c o m p a t i b l l i t y with NBS c o n t r o l and i n t e r f a c e concepts, a r e
descr ibed.
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111. PlanninP and Cantral-
The purpose o f t h f s po r t i on o f the p r o j e c t i s t o develop an

understanding of t h e sof tware modules that will comprise future
computer i n t eg ra ted manufacturing systems. To accomplish thfs,
the NBS approach has been t o use structured software development
techniques t o a n a l y z e t h e f u n c t i o n a l requ i rements o f syStems,
develop an o v e r a l l so f tware systems arch i tec ture , rnd decompose
t h i s a r c h i t e c t u r e i n t o designs f o r component modules. P a r t i c u l a r
a t t e n t i o n has been placed upon t h e data t h a t must be communicated
between modules, aad the represen ta t i on o f i n fo rma t i on within the
sys tem and t o t h e user. These d a t a s t r u c t u r e s will p r o v i d e a
foundat ion f o r the development o f p o t e n t i a l standard interfaces.

The s o f t w a r e systems a r e be ing developed on t h e AHRF
Research Computer F a c i l i t y which consists o f a l a r g e minicomputer
with 4 Hbytes o f ma in memory, 1200 Hbytes o f d i s k s torage, 40
t e r m i n a l por ts , magnet ic tape d r i v e , and pr in te r , There a r e a
number of g e n e r a l programming languages, d a t a base management
systems, and g r a p h i c a l suppor t systems r v a i l a b l e . I n a d d i t i o n ,
t h e r e a r e seve ra l graphics devices which prov ide both vector and
r a s t e r d i s p l a y s f o r t h e development o f user i n t e r f a c e s and
manufacturing simulations.

The manufac tu r ing plannlng and c o n t r o l s o f t w a r e resea rch
a c t i v i t i e s a r e d e s c r i b e d i n t e r m s o f f o u r m a j o r e f f o r t s :
P r o d u c t i o n C o n t r o l , . D i s t r i b u t e d Automated .Process Planning,
Database Systems, and Network Communications.

The o b j e c t i v e o f t h i s resea rch i s t o develop: (1) a r e a l -
t i m e , a d a p t i v e , s t a t e - t a b l e d r i ven , h l e r r r c h i c r l p r o d u c t i o n
c o n t r o l system f o r t h e AMRF t h a t p r o v i d e s t h e f l e x i b i l f t y and
a d a p t i v e b e h a v i o r o f e x i s t i n g manual c o n t r o l systems, and (2)
s p e c i f i c a t i o n s o f p o t e n t i a l s tandard i n t e r f a c e s f o r modular,
nul t i - vendor i n teg ra ted manufacturing con t ro l systems.

fhere
c

d

are a number o f important c o n t r o l concepts tha t have
serve& as a f o u n d a t i o n f o r t h e deve lopment o f t h e AHRF c o n t r o l
a r ch$ tec tu re . As these concepts h a v e had a m a j o r i m p a c t on many
p o r t i o n s of t h e p r o j e c t , t h e y a r e p r e s e n t e d i n some d e t a l l f o r
background :

(a) HLsaEhW T h i s o r g a n i z a t i o n I s e q u i v a l e n t t o
. the l i n e o r t r e e s t r u c t u r e found i n many c o n v e n t i o n a l
manufacturing systems. Each system takes commands from only
one h i g h e r l e v e l system, b u t may d i r e c t s e v e r a l o t h e r s a t
t h e n e x t l o w e r l e v e l . Long range g o a l s o r t a s k s e n t e r t h e
s y s t e m a t t h e h i g h e s t l e v e l and a r e decomposed i n t o
sequences o f subtasks t o be e x e c u t e d as p rocedures a t t h a t
l e v e l , o r output as commands t o t h e n e x t l o w e r l e v e l .

(b) Local I n tellintnct. A t each l e v e l i n t h e c o n t r o l h i e r a r c h y
t h i s c a p a b i l i t y e n a b l e s t h e sys tem t o decompose t a s k s ,
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a n a l y z e f e e d b a c k , and r e s p o n d t o p r o b l e m a t t h a t
leve l . It also ensures t h a t only ma jo r tasks, those having
a g l o b a l i m p a c t , will be handled by t h e d e c i s i o n making
systems a t the higher c o n t r o l leve ls .

( c ) $.We m&shin_ea. To ensure t h a t t h e c o n t r o l system i s
d e t e r m i n i s t i c , it wlll be d e f i n e d as a ne two rk o f s t a t 0
machines. All inputs, outputs s ta tes , and s t a t e t r a n s i t i o n s
of a c o n t r o l sys tem a r c i d e n t i f i e d I n a s t a t e graph. The
s t a t e g r a p h i s used t o d e v e l o p a s t a t e t a b l e t h a t will be
processed as described below.

( d l C o n t r o l syde A t i m e i n t e r v a l , c a l l e d a con t ro l cycle, i s
d e f i n e d f o r each c o n t r o l subsystem; t h i s c y c l e determines
how o f t e n i t s s t a t e t a b l e i s processed. The processing of 8
s t a t e t a b l e i s accompl ished by sampl ing s t a t e v a r i a b l e s ,
s e a r c h i n g t h e t a b l e f o r a s t a t e t h a t matches t h e sampled
va r i ab les , execut ing the rout ines associated with the s ta te
i d e n t i f i e d , and g e n e r a t i n g the outputs. The c y c l e a t each
l e v e l must be s h o r t enough t o m a i n t a i n system s t a b i l i t y .
The processor must be a b l e t o i d e n t i f y the current s t a t e and
g e n e r a t e a p p r o p r i a t e ou tpu ts b e f o r e t h e b e h a v i o r o f t h e
system d e v i a t e s beyond acceptable ranges.

(a) Ebmung The amount o f t ime any system plans i n t o
t h e f u t u r e t o p e r f o r m t h e tasks a t i t s c o n t r o l l e v e l i s
defined. as i t s planning horizon. This horizon i s determined
by t h e n a t u r e o f t h e tasks o r g o a l s t h a t a r e passed down a s
commaods f r o m t h e n e x t h ighe r l e v e l . Systems do no t know
a b o u t e v e n t s o r a c t i v i t i e 3 wh ich will occur beyond t h e i r
p l a n n i n g h o r i z o n . I n g e n e r a l , a sys tem cannot p l a n beyond
i t s c u r r e n t command o r g o a l f o r It does n o t know wha t the
n e x t command may be. By d e f i n i n g s h o r t e r and s b o r t e r
p lanning hor izons a t each successively l o w e r c o n t r o l l e v e l ,
t h e p r o c e s s i n g c a p a c i t y r e q u i r e d f o r p lanning durlng 8
c o n t r o l c y c l e i s k e p t t o a minimum a t e v e r y l e v e l .

era?-r, T h i s techn ique, t h e p a r t i t i o n i n g
o f a c t i v i t i e s o f j o b s by l a r g e t i m e increments a t t he h igher
l e v e l s and s m a l l e r increments a t t h e l o w e r l e v e l s , enables
each c o n t r o l system t o make t h e decis ions t h a t a r e necessary
a't i t s l e v e l f o r e f f i c i e n t o p e r a t i o n w i t h i n t h e bounds
e s t a b l i s h e d by h i g h e r l e v e l s . Fo r examp le , a high l e v e l
c o n t r o l system may schedule by grouping j o b s i n t o p a r t i t i o n s
o r p a c k e t s by t h e mon th t h a t t h e Job i s t o be p e r f o r a e d .
The j o b s i n packe t #I,a r e accompl ished i n the f i r s t month;
p a c k e t 12, t h e n e x t month, etc. The n e x t l o w s t c o n t r o l
l e v e l i s o n l y t a s k e d w i t h t h e j o b s i n p a c k e t 41, thus
l i m i t i n g i t s p l a n n i n g h o r i z o n t o t h e c u r r e n t month. It
d i v i d e s t h e Jobs i n t o p a c k e t s by weeks, i n t o p a c k e t #1.1,
p a c k e t i1.2, etc. The n e x t l o v e r l e v e l , w i th one week
planning ho r i zon , uou ld be tasked with packe t Il.1.

S ince t h e h i e r a r c h i c a l c o n t r o l s t r u c t u r e requ i res t h a t
commands must f l o w downward, l o w e r l e v e l systems cannot b y
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themselves move a Job o u t o f t h e p a c k e t g i v e n t o them by a
h l g h e r l e v e l . Ift h e Job canno t be p r o c e s s e d i n t h e
s p e c i f i e d t i m e f rame, t h e reason f o r t h e f a i l u r e must be
r e p o r t e d a s f e e d b a c k t o t h e n e x t h i g h e r l e v e l , The
con t ro l l i ng System a t t h e next l e v e l may then take a c t i o n t o
e i t h e r c i r cumven t t h e f a i l u r e o r r e s c h e d u l e t h e j o b by
t a s k i n g t h e subord inate system with a m o d i f i e d packe t o f
jobs,

(g) CammnntsnUan bx cammm aPfnQxL All s y s t e m s will
communicate by passing messages through mai lboxes i n common
memory o r a shared data base, Each system has command and
feedback m a i l b o x e s where i t s c o n t r o l l i n g system can w r i t e
commands and where c o n t r o l l e d systems and sensors can
p r o v i d e feedback. Each m a i l b o x can be w r i t t e n t o by o n l y
one system, but can be r e a d by any o t h e r system. The
mai lboxes , updated e v e r y c o n t r o l c y c l e as a p a r t o f t h e
s t a t e machine implementation, a l so prov ide a snapshot o f t he
c u r r e n t s t a t e o f t h e s y s t e m t h a t i s u s e f u l b o t h f o r
d iagnost ic analyses and system restarts,

A general -purpose, decfsfon table - besed c o n t r o l system i s
b e i n g d e v e l o p e d t h a t I s i n t e n d e d t o be t r a n s p o r t a b l e and
i m p l e m e n t a b l e a t any l e v e l i n t h e AHRF. The system will be
modular end progranmed i n h i g h - l e v e l languages, such 8s LISP, C,
PASCAL, and ADA, t o f a c i l i t a t e i t s o p e r a t i o n on a v a r i e t y o f
d i f f e r e n t prdcessora. The dec is ion o r s t a t e t a b l e program fo rmat
will be used t o ensure t h e speed and r e l i a b i l i t y t h a t i s r e q u i r e d
o f a rea l - tame con t ro l system. All communications between t a b l e
processors a t d i f f e r e n t c o n t r o l l e v e l s within t h e system will be
p e r f o r m e d through t r a n s a c t i o n s i n t h e common d a t a base. M a j o r
modu les o f t h e s t a t e t a b l t deve lopment sys tem will i n c l u d e
s p e c i a l s o f t w a r e f o r handling the t a b l e structures inc lud ing an
e d i t o r , a compiler, a data management system i n t e r f a c e , a t a b l e
execu t ion processor and a test ing/debugging system. Components o f
t h i s system have been implemented and are c u r r e n t l y i n use.

The h k e r a r c h i c a l system will process t h e s t a t e t a b l e s i n
r e a l - t i m e t o p r o v i d e f o r a d a p t i v e p r o d u c t i o n c o n t r o l a t each
l e v e l : The t a b l e p r o c e s s o r s will be I n t e g r a t e d I n t o t h e
Prod c t l o a C o n t r o l System (PCS), a h i e r a r c h y o f f i v e m a j o r

C e l l , W o r k s t a t i o n , and Equipment. Func t ions p e r f o r m e d a t t h e
F a c i l i t y l e v e l i n c l u d e manuf a c t u r i n g e n g i n e e r i n g (design,
process planning, p roduc t i on p l a n n i ng1, In f orma t i o n managtme n t
( o r d e r h a n d l i n g , c o s t a c c o u n t i n g , i n v e n t o r y managemen t ,
p r o c u r e m e n t , and p e r f o r m a n c e m o n i t o r i n g ) , and l o n g - r a n g e
s c h t d u l i ng. Shop l e v e l f u n c t i o n s 1n c l u d e sho r t e r - r a n g e
p r o d u c t i o n schedul ing, r e s o u r c e a l l o c a t f o n , p r o d u c t i o n t a s k
managemeat, and suppor t a c t i v i t i e s management. C e l l l e v e l
f unc t ions i n c l u d e p r o d u c t i o n j o b a n a l y s i s , r e p o r t i n g , r o u t i n g ,
schedu l ing , and w o r k s t a t i o n m o n i t o r i n g . Suppor t a c t i v i t i e s
i n c l u d e a v a r i e t y o f f u n c t i o n s such a s m a t e r i a l s t o r a g e ,
t r a n s p o r t a t i o n , t o o l a s s e m b l y , c l e a n i n g and d e b u r r i n g .
W o r k s t a t i o n l e v e l c o n t r o l i n c l u d e s t h e s u p e r v i s i o n and

l e v af s. The l e v e l s a r e ( i n descend ing o r d e r ) : F a c f l i t y , Shop,
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c o o r d i n a t i o n o f ba3c machin ing, handl ing, and measurement
opera t ions . A Produc t i on C o n t r o l Language (PCL) i s under
d e v e l o p m e n t which will p e r m i t t h e programming o f each c o n t r o l
l e v e l i n a user - oriented language which r e f l e c t s t h e terminology
and a c t i v i t i e s of non-automated j o b shop management systems.

A t t h e c e l l c o n t r o l l e v e l , t h e c o n c e p t o f t h e g r o u p
t e c h n o l o g y m a n u f a c t u r i n g c e l l I s b e i n g e x t e n d e d by t h e
d e v e l o p m e n t o f s o f t w a r e - b a s e d p r o d u c t i o n management sys tems
( v i r t u a l c e l l s ) . The v i r t u a l c e l l c o n f i g u r a t i o n v a r i e s
dynamical ly accord ing t o the processing resource requirements o f
a ba tch during t h e product ion process. These v i r t u a l c e l l s will
be respons ib le f o r managing the product ion o f non - Ident ica l pa r t s
t h a t have been batched by using a group technology c l a s s i f i c a t i o n
scheme. The v i r t u a l c e l l will e x i s t s o l e l y as a c o n t r o l process
t h a t e x i s t s f o r the d u r a t i o n o f t h e product ion run o f the batch.
This approach represents a considerable change i n t h e philosophy
of c e l l c o n t r o l . I n t h e p a s t c e l l s have had s t a t i c c o n t r o l
s t r u c t u r e s t h a t w e r e n o r m a l l y a s s o c i a t e d with a f i x e d p h y s i c a l
grouping o f machinery. The c e l l c o n t r o l l e r will mainta in a PEBT-
t y p e n e t w o r k t o t r a c k p r o g r e s s end p r e d i c t whenItwill need t o
r e q u e s t t h e assignment o f s p e c i f i c w o r k s t a t i o n s f r o m the shop
c o n t r o l l e r i n order t o process i t s batch o f parts. Workstations
will be a l l o c a t e d t o c e l l s by t h e shop l e v e l r esou rce a l l o c a t o r
on ly when they a r e requested because o f need. I d l e workstat ions
will be ass igned t o a w o r k s t a t i o n p o o l c e l l c o n t r o l l e r . Th is
s t r u c t u r e p r o m i s e s t o p r o v i d e much o f t h e f l e x i b i l i t y found I n
manual j o b shops w h i l e increas ing e f f i c i e n c y through automation.

W i b u t d AutomatcdPtocessPlannina

The o b j e c t i v e o f t h i s r e c e n t l y I n i t i a t e d s u b p r o j e c t i s t o
(1) i d e n t i f y and prov ide the process planning functions t h a t must
be per fo rmed I n a t o t a l l y automated f a c i l i t y , and (2) i n v e s t i g a t e
a r t i f i c i a l i n t e l l i g e n c e and e x p e r t s y s t e m t e c h n i q u e s f o r
d i s t r i b u t i n g p l a n n i n g f u n c t i o n s w i t h i n t h e AHRF. L o c a l
i n t e l l i g e n c e will be developed f o r each c o n t r o l module. Standard
techniques will be developed t o a l l o w modules a t d i f f e r e n t l e v e l s
i n t h e - - h f e r a r c h y t o a c c e s s t h e p l a n n i n g c a p a b i l i t i e s and
k n o w l e d g e b a s t s o f o t h e r modules, as necessa ry t o p e r f o r m
d i s t r i b u t e d planning.

I n an automated f a c i l i t y process plans must be comprehensive
i n t h a t they must s p e c i f y a l l t h e d e t a i l s o f how t o produce a
p a r t ; I n c l u d i n g s e l e c t i o n o f m a t e r i a l s , mach ine t o o l s , r o b o t
g r i p p e r s , g r i p p o i n t s , f i x t u r e s , c l a m p i n g p o i n t s , i n s p e c t i o n
p rocedu res , c u t t e r p a t h s and p a r a m e t e r s , c o o l a n t s , and any
s p e c i a l m a t e r i a l t r a n s p o r t a t i o n considerations. The development
o f t h e AHRF process planning system will be accomplished through
f o u r d e v e l o p m e n t s tages : i n t e r a c t i v e t o o l s , v a r i a n t sys tem,
g e n e r a t i v e system, and f i n a l l y , a d i s t r i b u t e d system.

( a ) ~n&,fm&lur&QQU- U s e r i n t e r f a c e s will be d e v e l o p e d t o
a l l o w planners t o m o r t e f f i c i e n t l y use e x i s t i n g s o f t w a r e t o
i n t e r a c t i v e l y d e v e l o p process c o n t r o l p rograms and data. A
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u s e r - o r i e n t e d l a n g u a g e f o r p r o c e s s p l a n n i n g will be
deve loped t o p l a n f o r t h e AHRF works ta t i ons t h e p a r t
proce3slng, inspection, and handling. The i n t e r a c t i v e t o o l s
package will a s s i s t t h e p lanner in: 1) t h e t r a n s f e r o f CAD
da ta f f l e s t o process planning, 2) t h e s e l e c t i o n o f process
planning parameters, and 3) the t rans fe r of the planning and
c o n t r o l da ta t o p a r t p rocess ing and m a t e r i a l hand l ing
wor ks ta tlona.

Wf W n - This system will be used t o d e v e l o p
p roduc t i on p lans us ing v a r i a n t techniques ( i - e . r e t r i e v a l
and e d i t i n g o f e x i s t i n g plans board on a GT code) f o r
se lec ted AXRF p a r t fami l ies. E x i s t i n g v a r i a n t systems will
be i n t e g r a t e d i n t o t h e AHRF and used wherever possible. Some
o f the functions performed manually i n the i n t e r a c t i v e t o o l s
stage will be automated.

Genera- YvsteEp = This next stage will incorpora te s o l i d
model l ing, geometr ic reasoning, and e x p e r t system sof tware
t o generate process plans from CAD data and models o f system
process capab i l i t i es .

U s t r i b u t a svatcm - I n th is f i n a l stage o f development the
planning l o g i c oad I t s assoc ia ted so f twa re , p r e v i o u s l y
deve loped f o r c e n t r a l i z e d planning, I s decomposed and
i n t e g r a t e d i n t o t h e appropr ia te c o n t r o l modules throughout
t h e f a c i l i t y . T h i s d f s t r i b u t l o n will p r o v i d e l o c a l
i n t e l l i g e n t p lann ing i n each c o n t r o l system. Each system,
whe the r it be a shop, c e l l , w o r k s t a t i o n , o f equipment
c o n t r o l l e r , will be a b l e t o o p e r a t e i n a s tand - a lone mode
and p l a n processes t h a t a r e w i th in t h e c a p a b i l i t i e s o f I t s
resources.

The d i s t r i b u t e d process p lann ing system o f t h e AHRF will
c o n s i s t o f a h i e r a r c h i c a l n e t w o r k o f p lann ing systems t h a t
r e f l e c t t h e c o n t r o l tasks a t each l e v e l . Systems will have t h e i r
own p a r t i c u l a r p lannlng s p e c i a l t i e s . Consul t ing r e l a t i o n s h i p s
between sptems, s i m i l a r t o those found between d i f f e r e n t l e v e l s
o f managers and operators I n convent ional systems, will be used
t o o b t a i n ansuers wh i ch f a l l o u t s i d e of any system's domain o f
exper t ise. This d i s t r i b u t e d approach should a l l o w f o r r e a l - t i m e
m o d f f i c a t i o n of p rocess p l a n s a t t h e a p p r o p r i a t e c o n t r o l l e v e l
and ensure e f f i c i e n t usage o f system c a p a b i l i t i e s as t h e systems
dynamica l l y change with t ime. This p r o j e c t will make heavy use
o f the expe r t system technology discussed i n Sec t ion 4-

The o b j e c t i v e o f the AHRF data base work i s t o (1) u t i l i z e
data base management techniques t o develop f l e x i b l e data - dr iven
c o n t r o l sys tems which p r o v i d e t h e i n f o r m a t i o n r e q u i r e d by t h e
AMRF opera t i ng I n a d i s t r i b u t e d and r e a l - t i m e c o n t r o l p rocess ing
e n v i r o n m e n t , and (2) d e f i n e and d e v e l o p t h e d a t a s t r u c t u r e s
necessary t o support an automated manufactur ing system.
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The f i r s t subp ro jec t i s t h e i d e n t i f i c a t i o n o f t h e d a t a
s t r u c t u r e s wh ich will be r e q u i r e d t o support t h e AHRF. An
ana l ys i s o f data requirements i s being made f o r each function and
l e v e l o f c o n t r o l w i t h i n t h e AMRF. T h i s i n c l u d e s t h e d a t a
requ i remen ts o f a t y p i c a l manufactur ing o p e r a t i o n , those o f an
automated f a c i l i t y , and those s p e c i f i c t o the research needs o f
t h e AMRF. The f i r s t pro to type database system will operate i n an
i n t e r a c t i v e bu t s tand - a lone f a s h i o n u t i l i z i n g m e n u - d r i v e n
in te r faces . The n e x t stage will be aimed a t f i n e tuning database
s t r u c t u r e s , deve lop ing t h e i n t a r f a c e s p e c i f i c a t i o n s between
systems and l e v e l s o f contro l , generat ing a workable d i s t r i bu t i on
of the data, end I d e n t i f y i n g d a t a which f o r performance reasons
must be r e p l i c a t e d i n l o w l e v e l processors, Da ta d i c t i o n a r y
f u n c t i o n s will be heavily e m p l o y e d d u r i n g t h e des ign r a d
Implementat ion phases. An automated data d i c t i ona ry Ican be used
t o c o n t r o l standards, f a c i l i t a t e shared access t o data, rad a l l o w
f o r d i s t r i b u t e d systems,

The second database e f f o r t I s concerned with the development
o f t h e s o f t w a r e a r c h i t e c t u r e t o m a i n t a i n t h i s da ta and p e r m i t
access t o it.The database s o f t w a r e must suppor t 8 d i s t r i b u t e d
process ing environment. A t l o w e r l e v e l s o f cont ro l , namely a t
works ta t i ons and equipment, processes will run on specia l purpose
microcomputer - based systems, and r a p i d response t i m e s a r e
I m p e r a t i v e . Commerc ia l d a t a base systems, i n p a r t i c u l a r those
t h a t can be extended by higher l e v e l programming languages, will
be used a t -h i ghe r l e v e l s , but may no t be r r u i t a b l e a t l o w e r
1ev e ls.

A common d a t a d e f i n i t i o n l a n g u a g e and a common d a t a
m a n i p u l a t i o n language will be d e f i n e d f o r i n t e r f a c i n g t o t h e
c o n t r o l systems t h a t access it, The databases will be organized
i n t o a l o g i c a l v i ew t h a t prov ides a data model t h a t descr ibes how
e a c h d a t a e l e m e n t i s used w i t h i n t h e AHRF. T h f g l o g i c a l v i e w
a l l o w s the c o n t r o l process, t o access on ly the I n f o r m a t i o n th8t
i s r e l e v a n t t o a p a r t i c u l a r func t iona l task. I h l s l o g i c a l access
t o d a t a makes t h e r c t u a l p h y s i c a l o r g a n i z a t i o n o f d r t a
transparent - , and permits it t o be shared by mu l t i p le users.

wmmunfcatfan
The o b j e c t i v e o f t h i s n e t w o r k c o m m u n i c a t i o n p r o j e c t i s t o

p r o v i d e a communication l i n k t h a t a l l o w s a l l system deve lopers t o
i n t e r f a c e t h e i r t e r m i n a l s t o any A M R F computer o r c o n t r o l
p r o c e s s , and t o p r o v i d e n e t w o r k and l o c a l c o m m u n i c a t i o n s
mechanisms f o r c o n t r o l processes within t h e AHRF.

The n e t w o r k i s b e i n g i m p l e m e n t e d u s i n g c o m m e r c i a l l y
a v a i l a b l e hardware. Standard network i n t e r f a c e s will be obta ined
t o handle t h e v a r i e t y o f computers t o be l i nked v i a the network.
The h e a r t o f t h e r e s e a r c h e f f o r t i s t h e deve lopment o f t h e
s o f t w a r e i n t e r f a c e s tanda rds t h a t will provldve A M R F p rocesses
w i th a means f o r c o m m u n i c a t i n g w i t h (1 ) each o t h e r , (2 ) t h e
o p e r a t i n g s y s t e m s o f c o n t r o l c o m p u t e r s , ( 3 ) t h e l o c a l
communications system i n t e r f a c e , t h e d i s t r i b u t e d da ta management
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system, and (4) the user d isp lay devices.

A common communicat ions language will p r o v i d e a s tandard
method f o r naming, opening, reading, wr i t ing, and c los ing l o g i c a l
communica t ion channels, i.e. ma i lboxes . A process management
command language would p rov ide common terminology and syntax f o r
nami ng, c r e a t i ng, m o v i ng, suspend1 ng, i n t e r c o n n e c t 1 ng, se tting
p r i o r i t i e s , and p e r f o r m i n g o t h e r computer p rocess management
functions.

Communications nodes will be a s s o c i a t e d with one o r more
processors wh ich share a common p h y s i c a l i n t e r f a c e t o t h e
network. The computing systems o f t he node will support functions
such as: manufacturing contro l , da ta administ rat ion, program and
communication control. Processes within a node access each o the r
by r e f e r e n c e t o l o g i c a l names, t h e i r a s s o c i a t e d s t a n d a r d
interchange mailboxes, and t h e common l o c a l data path.

I n o r d e r t o e f f e c t i v e l y d e v e l o p t h e manu fac tu r i ng
a p p l i c a t i o n s o f t w a r e desc r i bed i n the l a s t sec t ion , it i s
i m p e r a t i v e t o p r o v i d e 8 s u i t a b l e envi ronment f o r s o f t w a r e
development. I n add i t ion t o the standard s e t o f so f tware t o o l s
t h a t a re normal ly used i n a software project , spec ia l emphasis i s
b e i n g g f v e n t o f o u r p r o j e c t s : (1) t h e development o f usar -
o r i en ted graphics in ter faces, (2) system design, development, and
t e s t i n g throu h simulat ion and emula t ion techniques, (3) t h e use
o f computer - aided - design (CAD) d a t a t o d i r e c t p lanning and
c o n t r o l systems f o r q u a l i t y assurance, and (4) t h e a p p l i c a t i o n o f
t h e a r t i f i c i a l i n t e l l i g e n t and exper t system technology t o these
sy s t ems.

Crabhica fntcrfscta

The o b j e c t i v e o f the graphics p r o j e c t i s t o develop a system
f o r Image input, generation, output, and storage t h a t s a t i s f i e s
t h e need& -of c o n t r o l o p e r a t o r s and u s e r s o f a u t o m a t i d
manufacturing systems. Graphic8 c a p a b i l i t i e s must be prov ided f o r
c o n t r o l system I n t e r f a c e s , d a t a en t ry , compu te r - a ided design,
s t a t i s t i c a l analysis, process planning, and process simulation.

A g r a p h i c s i n t e r f a c e sys tem i s b e f n g d e v e l o p e d t o a l l o w
processes t o communica te with any s u i t a b l e g r a p h i c s d e v i c e
t h r o u g h t h e common d a t a base o f t h e AHRF. Commerc ia l and
r e s e a r c h g r a p h i c s packages a r e b e i n g o b t a i n e d and t a i l o r e d t o
mee t t h e i m m e d i a t e needs o f t h e AHRF. L i b r a r i e s o f g r a p h i c s
t o o l s f o r t h e d i s p l a y o f manu fac tu r i ng e n t i t i e s a r e b e i n g
assembled t o e n a b l e t h e s i m u l a t i o n o f manu fac tu r i ng systems.
These t o o l s will prov ide a c a p a b i l i t y f o r de f i n i ng two and t h r e e
dimensi ona l graph1c a l p i c tu res , shading, tex tu r ing , hidden - l ine
r e m o v a l , t r a n s l a t i o n , r o t a t i o n , s c a l i n g , windowing, c l i p p i n g ,
grouping o f g raph ic e n t i t i e s , key - frame an imat ion , etc. Dynamic
graph ics i c o n s o r symbols a r e being developed uhich will d i s p l a y
f a c i l i t y s t a t u s and p e r m i t t h e AHRF o p e r a t o r s and s t a f f t o
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I n t e r a c t with the c o n t r o l system v i a graphics d isp lays t h a t a r e
p i c t o r i a l l y r e p r e s e n t a t i v e o f t h e manufacturing system.

i h e o b j e c t i v e of t h e c o n t r o l svstcm emulat ion p r o j e c t I s t o
deve lop t h e models and imp lemen t the so f twa re needed t o s imu la te /
e m u l a t e t h e A M R F i n o r d e r t c t e s t sys tem s o f t w a r e and concept3
b e f o r e f i n a l deve lopmen t and i n t e g r a t i o n o f modules i n t o t h e
con t ro l h ie ra rchy .

The AMRF i s being modeled using emulat ion, a spec ia l form o f
s i m u l a t i o n i n whfch t h e r u l e s govern ing t h e O p e r a t i o n o f a
p lanned sys tem a r e d u p l i c a t e d and t h e user I n t e r a c t s with t h e
emu la ted s y s t e n as if it were t h e r e a l one, Th is techn ique I s
b e i n g e m p l o y e d t o e m u l a t e t h e o p e r a t i o n o f t h e n o d u l a r
h i e r a r c h i c a l c o n t r o l so f tware o f t h e AHRF w h i l e opera t ion o f the
shop f l c o r equipment i s being s imu la ted o r approximated through
t iming e s t i m a t e s c o r r e l a t e d t o movement through a given distance,
e t c . The p r i m a r y a d v a n t a g e o f e m u l a t i o n , as compared t o
c o n v e n t i o n a l s i m u l a t i o n , i s t h a t it s e r v e s as a p r o t o t y p e f o r
p a r t s o f t h e r e a l system, and those p a r t s may be developed b e f o r e
t h e a c t u a l hardware i s ava i lab le ,

The AMRF e m u l a t i o n i s a c o l l e c t i o n o f computer programs
w r i t t e n p r i m a r i l y i n PRAXIS, a language s i m i l a r t o ADA, developed
by B o l t , Berantk, and Newmaa. The emulat ion f o l l o w s t h e st ruc ture
o f t h e AHRE m o d u l a r h i e r a r c h i c a l feedback c o n t r o l system. The
modules of t h e ANRF e m u l a t i o n s t r u c t u r e a r e s t a t e machines t h a t
i n t e r a c t th rough a shared memory where t h e pass ing o f c o n t r o l
s t a t u s i n f o r m a t i o n i s s y n c h r o n i z e d t o occ l l r a t s p e c i f i e d t i m e
I n t e r v a l s , Communication and computing delays a r e emulated, along
with t h e a l l s c a t i o n o f modules t o d i f f e r e n t phys i ca l procrssors.
The w h o l e o f t h e A M R F I s t o be e m u l a t e d with each module (e.g.,
w o r k s t a t i o n ) , on each l e v e l , d i s t i n c t l y i s o l a t e d as 8 s 8 p r r r t o
p r o c e s s i n o r d e r t o f a c i l i t a t e i t s r e p l a c e m e n t wi th 8c tU81
c o n t r o l h a r d w a r e and software. ?he d a t a base s t r u c t u r e s o f t h a
emu la t i on a p p r o x i s a t e those a n t i c i p a t e d f o r tttc AHRF.

The e m u l a t o r i s b e i n g used a s I d e s i g n a i d i n t h e
d e v e l o 3 m e n t o f sys tem s o f t w a r e . Des igners can t e s t o u t t h e i r
I d e a s b e f o r e i a p l c m e n t i n g t h e code i n i t s f i n a l f o r m . By t h i s
techn ique It i s poss ib le t o m a i n t a i n an up- to- date d e s c r i p t i o n o f
‘;he d e s i g n o f a l l c o n t r o l i c v e l s i n t h e BXRF. A t t h e p r e s e n t
t i m e , t h e c e l l c o n t r o l l e v e l o f t h e A H R f i s b e i n g mode led t o t e s t
the v i r t u a l c e l l concept.

The objectives o f t h e CAD- directed Inspect ion p r o j e c t a re t o
( 1 ) r e s e a r c h and d e v e l o p methods f o r us ing CAD d a t a bases t o
d i r e c t I n s p e c t i o n s y s t e m s i n t h e e f f i c i e n t and a c c u r a t e
m e a s u r e m e n t o f d i m e n s i o n a l p r o p e r t i e s o f a w o r k p i e c e ; and (2)
I n v e s t i g a t e methods f o r a u t o m a t i c a l l y gene ra t i ng programs f r o m
CAD d a t a b a s e s f o r o p t l c a l and m e c h a n i c a l i n s p e c t i o n Systems,
r o b o t v l s i o n systems, and r o b o t c o n t r o l systems.
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The I n i t i a l work i s be ing done with a 3-0 m e c h a n i c a l
coordinate measuring machine (CHH) us ing t o u c h - t r i g g e r probes.
Work will be e x t e n d e d l a t e r t o i n c l u d e o t h e r sens i ng
techno log ies , such as cont inuous t r a c i n g (us lng p r o p o r t i o n a l
probca), o p t i c a l sensing, and machine vision. Regardless o f t he
technology used f o r measurement, the main thrust of the p r o j e c t
will be toward a f u l l y automated inspec t ion system which der ives
and executes t e s t i n g s t r a t e g i e s d i r e c t l y f rom p a r t design data.

An i m p o r t a n t p a r t Of t h i s p r o j e c t I s t h e development o f
inspec t ion languages which will a l l o w inspec t ion procedures by
using CAD data. A programming system wfll be developed so t h a t a
user can input Inspect ion requirements through a CAD workstatfon,
us ing t h e g e o m e t r i c d a t a a v a i l a b l e f o r t h e pa r t . A t r a n s l a t o r
will r e f e r e n c e t o t h e CAD d a t a t o c o n v e r t i a s p t c t i o a language
programs i n t o commands t h a t the CxH can executa.

The cu r ren t h i e r a r c h i c a l c o n t r o l system design f o r t h e
inspect ion system a c t u a l l y requ i res two languages. One language
i s t h a t which i s used by a programmer t o s p e c i f y a n I n s p e c t i o n
procedure. This language will be p r i m a r i l y a graphical language
i n wh i ch t h e programmer i d e n t i f i e s i n s p e c t i o n a c t i o n s and p a r t
fea tures f r o m which data t o d r i v e the Inspect ion will be derived.
Thus, t h e programmer may spec i f y t h a t t he t r u e pos i t i on to lerance
o f 8 h o l e p a t t e r n be v e r i f i e d , and will apoln t u t o a g r a p h i c
d i s p l a y o f t h e p e r t t o i d e n t i f y t h e f e a t u r e o f i n t e r e s t . From
t h a t in fo rma t ion , t he programming system will e i t h e r be a b l e t o
au toma t i ca l l y generate t h e a p p r o p r i a t e l o w e r - l e v e l a c t i o n s and
i n v o k e the. a p p r o p r i a t e sensory process ing ozgor i thms, o r will
prompt the programmer f o r a more d e t a i l e d breakdown o f the task.

The second language r e f e r r e d t o above c o n s i s t s o f t h e
v a r i o u s commands used t o communicate between the d i f f e r e n t l e v e l s
o f t h e c o n t r o l system i t s e l f . I n many uays, t h i s language will
be s i m i l a r t o t h e language used by an i n s p e c t i o n programmer,
s i n c e d e f i n i n g a t a s k d e c o m p o s i t i o n i s b y - a n d - l a r g e a
s p e c i f i c a t i o n of a sequence o f l o w e r - l e v e l g o a l s t o be
accompl lsh td , These l o w e r - l e v e l g o a l s f o r m t h e commands
commun lca t td b t twaen l e v e l s o f t h e c o n t r o l system dur ing
execut1-on,

L a t e r vers ions o f t he system will use inspect ion goals t h a t
a r e e n t e r e d i n t o t h e CAD d a t a base t h r o u g h t h e p a r t des ign
system. These goals wfll be used i n t h e automat ic gene ra t i on o f
I n s p e c t i o n p rocedures exp ressed i n t h e i n s p e c t i o n l a n g u a g e
p r e v i o u s l y d iscussed. A p rog ram g e n e r a t i o n sys tem will be
implemented using h e u r i s t i c techniques of problem - reduc2ion and
state - space search t o deve lop t h e sequences o f ac t ions r e q u i r e d
t o s a t i s f y each Inspec t ion goal. The program genera to r will a l s o
i d e n t i f y t h e i n s p e c t i o n s t a t l o n c o n t r o l requ i rements , such as
p a r t f i x t u r i n g and probe changing, necessary f o r execut ion o f t h e
i n s p e c t i o n program. The sys tsm i s b e i n g d e v e l o p e d u s i n g such
t o o l s as g e o m e t r i c mode l ing , e m u l a t i o n , and e x p e r t systems.

L
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I n a d d i t i o n It 1s necessary t o make ex tens ions t o CAD
systems I n order tha t they may acqui re new data whlch will al low
f o r (1) s p e c i f y i n g p a r t d e s i g n s I n ways t h a t r e f l e c t t h e
c o n s t r a i n t s and i n t e r a c t i o n s among p a r t d imensions and o t h e r
p a r a m e t e r s o f deaigns, (2) r e p r e s e n t i n g n o n q e o m e t r i c d a t a
r e l a t e d t o p a r t des igns , and ( 3 ) d e f i n i n g p r o c e d u r e s f o r
i n t e r a c t i o n between CAD and o t h e r sys tems of t h e automated
f a c i l i t y .

The a r c h i t e c t u r e f o r t h e CAD - Directed I n s p e c t i o n c o n t r o l
system i s very s im i l a r t o the h i e r a r c h i c a l cont ro l a r ch i t ec tu re
used i n robo t con t ro l and i n the AHRF. These systems consist of
m u l t i p l e s t a t e machine modules communicat ing through a common
memory. P rog rams f o r these systems cons i s t of s t a t e t a b l e i n d
data s t ruc tu re de f i n i t i ons f o r t h e modules I n t h e hierarchy.

The h i e r a r c h l e a l c o n t r o l system emulator, developed f o r the
AHRF, i s being used as a design t o o l f o r CAD-directed inspection,
I t s use has invo lved in teg ra t i ng t h e emulator with the geometric
m o d e l i n g and graph ic3 f u n c t i o n s o f PADL-2, with t h e c o o r d i n r t a
measuring machine and o the r equipment t o be uaed i n the pro jec t ,
and with a program development environment including an ed f to r , 8
data d i c t i o n a r y , and documentation afda.

The o b j e c t i v e o f t h e e x p e r t systems p r o j e c t i s t o apply
knowledge - based system technology t o b u i l d e x t e n s i b l e e x p e r t
systems f o r manufacturing planning and control.

A r t i f f c i a 1 i n t e l l i g e n c e techniques, mora s p e c l f i co l l y , the
technology o f knowledge -based, problem - solving o r exper t systems v
have a p p l i c a t i o n i n severa l areas of the AHRF. Knowledge -brsed
systems are appropr ia te problem - solving t o o l s i n domains wher8
(11 t h e r e e x i s t s no un i fy ing , conc ise t h e o r y desc r ib ing t h e
prob lem domain, (2) knowledge ( facts, bel iefs, and heur is t ics) i s
a c q u i r e d i n s m a l l i nc remen ts ( p r o d u c t i o n tu les ) , and (3) the
u t i l i t y o f a p i e c e of knowledge cannot r l u o p s be de te rm ined i n
advancb (Le., f i x e d sequences o f computation are inappropr iate).

.The e x p e r t system technology will f i r s t be d i rec ted towards
CAD - directed i nspec t i on and product ion process planning. I n the
c u r r e n t v e r s i o n of t h e system, t h e r e a r e t h r e e a c t i v i t i e s where
e x p e r t sys tems will be needed. One i s i n p lanning, i n c l u d i n g
s e a r c h i n g f o r c o l l i s i o n - f r e e paths, p lann ing a measurement
s t r a t e g y , and o p t i m i z a t i o n . Ano the r i m m e d i a t e a p p l i c a t i o n i s
p a t t e r n r e c o g n i t i o n ; where sensory data from t h e measurement must
be c l a s s i f i e d and compared t o t h e s to red p a r t descr ipt ions. The
t h i r d area i s s imulat ion, where r u l e s desc r ib ing t h e behavior o f
t h e p h y s i c a l measurement system will be used as p a r t o f t h e
simulat ion o f t h e inspect ion c o n t r o l system.



The m a j o r s teps i n b u i l d i n g these e x p e r t systems a r e t o
d e v e l o p t prob lem - solv ing a r c h i t e c t u r e , b u i l d and o r g a n i z e 8
knowledge base o f r u l e a , and i n t e g r a t e t h i s compu ta t l ona l
c a p a b i l i t y I n t o the O v e r a l l system.

v. SYahmHardwareIntcpratfan

A t the loues t l e v e l o f the manufacturing con t ro l h ierarchy
i s t h e e l e m e n t a l c o n t r o l u n i t r e p r e s e n t e d by robo ts , machine
.tools, carts, etc. P r o j e c t s a t t h i s l e v e l address the problem o f
making t h e u n i t more respons ive t o a changing e n v i r o n m e n t by
i n c o r p o r a t i n g sensory feedback a d a p t i v e c o n t r o l f o r imp roved
accuracy and performance.

Research I s being performed i n the f o l l o w i n g areas: (a) work
s t a t i o n c o n t r o l systems, (b) machine t o o l me t ro logy , (c)
machine t o o l sensors, ( d l r e a l - t i m e r o b o t i c c o n t r o l systems, (e)
r o b o t vision, and (f) non-visual robo t sensors.

The w o r k s t a t i o n c o n t r o l system p r o j e c t i n v o l v e s t h e
i n t e g r a t i o n o f automated manufacturing equipment i n t o production
work s t a t i o n s f o r s m a l l l o t manufactur ing. The work i n v o l v e s
extending and enhancing n u m e r i c a l l y con t ro l l ed machine t o o l s and
i n d u s t r i a l r o b o t manipulators t o fo rm f l ex ib le , coordinated, and
s e n s o r y i n t e r a c t i v e systems. Resea rch I s . f o c u s e d on t h e
genera t ion and v e r i f l c r t l o n of c o n t r o l data, t h e development o f
r e a l - t i m e s o f t w a r e f o r s y n c h r o n i z a t i o n and c o n t r o l , and t h e
development o f i n t e r f a c e standards and techn i ca l guidelines.

The f i r s t w o r k s t a t i o n c o n s i s t s o f a h o r i z o n t a l machin ing
center t h a t has been in teg ra ted under work s t a t i o n con t ro l with a
robo t , a r o b o t c a r t , and t w o l o a d i n g p la t f o rms , and a s imple
f i x tu r lng system.

The coord lnot lon and supervision o f these equipments i s the
r t spons lb i l& t y o f t he v o r k s t a t i o n con t ro l l e r . Essen t ia l f e a t u r e s
o f the works ta t i on c o n t r o l l e r are: unattended opera t ion o f t he
workstagion, ex tens ive use of sensors, a b i l i t y o f the program t o
account f o r changing machine a v a l l a b i l l t p , va ry ing p a r t designs
and batch sizes, and s ta tus repor t fng t o higher c o n t r o l l e v e l s .

The works ta t ion r e c e i v e s raw mate r i a l s , modular f i x t u r i n g
components, and r o b o t and N C t o o l i n g f r o m i n v e n t o r y ; machines
batches o f pa r t s , and r e l e a s e s a l l m a t e r i a l s t o i n v e n t o r y .
C o o r d i n a t i o n o f these o p e r a t i o n s w l t h i n t h e w o r k s t a t i o n I s
c e n t r a l i z e d I n t h e w o r k s t a t i o n c o n t r o l l e r . As a l e v e l I n t h e
h i e r a r c h i c a l c o n t r o l sys tem o f t h e AHRF, t h e w o r k s t a t i o n
c o n t r o l l e r r e c e i v e s produc t ion commands f r o m t h e c e l l c o n t r o l l e r ,
decomposes t h e s e commands, i s s u e s commands t o manu fac tu r i ng
equipment c o n t r o l l e r s t o coo rd ina te manufacturing ope ra t i ons and
r e p o r t s work s t a t i o n sta tus back t o the c e l l c o n t r o l l e r once each
c o n t r o l cycle.
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Tool HetralPPv
Machine t o o l me t ro l ogy r e s e a r c h I s concerned with t h e

i m p r o v e m e n t o f measuremcnt and machining accuracy I n e x i s t i n g
hardware through the a p p l i c a t i o n o f dimensional t r a c e a b i l i t y (o r
d e t e r m i n i s t i c me t ro logy ) . Some s p e c i f i c e f f o r t s Inc lude (a)
improvement o f t h e point - to- point pos i t i on ing accuracy o f a CNC
machining c e n t e r through t h e use o f on- l ine computer modeling and
process monf t o r i n g and (b) development o f q u a n t i t i v e techniques

. f o r e v a l u a t i n g and i m p r o v i n g t h e per fo rmance o f c o o r d i n a t e
measuring machines.

The machining accuracy enhancement i s being performed with a
v e r t i c a l sp ind le CNC Hachinlng Center, using a Dual Hinicomputsr
system and Lase r I n t e r f e r o m e t e r System. The enhanced machine
t o o l will be used t o produce a p a i r o f high p r e c i s i o n , high
speed, r o t a r y postage stanp p e r f o r a t i n g cy l inders f o r the Bureau
o f Engrav ing and Printing. The successful manufacturing o f these
cy l i nde rs r e q u i t e s a pos i t ion ing accuracy o f ~2 micrometer over a
one meter l e n g t h f o r t h e d r i l l i n g o f approximately 50,000 ho le8
(1 mm d iame te r ) I n the p a i r of cyl inders.

S e v e r a l aspec ts of machining accuracy enhancements a r e
u t i l i z e d (1) s t a t i c p o s i t i o n i n g e r r o r s : c o r r e c t i o n 8 f r o m
c a l i b r a t i o n d a t a a r t s u p p l i e d from t h e computer i n t o t h e s e r v o
l o o p o f t h e machining c e n t e r (21 t h e r m a l e r ro rs : da ta f r o m an
a r r a y o f t h e r m a l sensors a r e used f o r q u a s i - r e a l t i m e p o s i t i o n
correct ion, . (3) dynamic er rors : t o o l uear, t o o l c h a t t w , spfndle
run - out and machine v i b r a t i o n a r e t a k e n i n t o account, r nd ( 4 )
t a b l e d e f o r m a t i o n and l o a d i n g : t h e o r e t i c a l p r e d i c t i o n rnd
e x p e r i m e n t a l v e r i f i c a t i o n o f t h e n a t u r a l f requenc ies and mode
shapes o f machine tools.

I n coord ina te measuring machine (CHX) research, a complet8
s a t o f k i n e m a t i c e r r o r s f o r a computer c o n t r o l l e d CHH have been
measa red and i n c o r p o r a t e d i n t o e r r o r mode l ing s o f t w a r e on 8
desktop computer. This model, combined with d i f f e r e n t i a l t h e r m a l
c x p a n s i o d c a l c u l a t i o n s , has b e e n a b l e t o p r e d i c t l i n e a r
p o s i t i p n i n g e r r o r s within four micrometers f o r an a rb i t r a r y , body
d i a g o n a l o f t h e mach ine . The t e s t i n g o f 3- D b a l l p l a t e s
contdnues as p a r t o f o u r e f f o r t t o suppo r t t h e deve lopment o f
s tandard acceptance t e s t s f o r CHMs,

With t h e advent of f u l l y automated functions, on- l ine t o o l
sens ing i s m o r e f m p o r t a n t than e v e r b e f o r e s i n c e o p e r a t o r s a r e
not normal ly present t o m o n i t o r t h e process.

One r e s e a r c h e f f o r t has r e s u l t e d i n t h e deve lopmen t o f
D r i l l - U p , an Ins t rument w h i c h was o r i g i n a l l y des igned t o a v o i d
breakage o f s m a l l - d i a m e t e r d r i l l s used on au toma t i c - feed d r i l l i n g
mach ines w i t h a s p i n d l e - r e t r a c t c a p a b i l i t y . The ins t rumen t
determines t h a t breakage i s imminent and commands t h e d r i l l i n g
m a c h i n e t o r e t r a c t t h e d r i l l . T h e i n p u t s e n s o r i s a

..
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p i e z o e l e c t r i c accelerometer which 1s mechanica l ly coupled t o t h e
workplace. P o t e n t i a l d r i l l breakage i s determined by t ine - domain
a n a l y s i s o f t h e a c c e l e r o m e t e r s ignal . A c a l i b r a t i o n r o u t i n e
a u t o m a t i c a l l y a d j u s t s t o t h e n o r m a l a m p l i t u d e o f t h e s ignal .
La rge a m p l i t u d e a c c e l e r a t i o n s , synchronous with t h e d r i l l
r o t a t i o n , have been found t o be i n d i c a t i v e o f imp rope r c u t t i n g .
D r i l l - U p ' s d e t e c t i o n method i s based on t h e c h a r a c t e r i s t i c
d e f l e c t i o n o f a column wfth one r i g i d support on the end opposi te
an a x i a l load. When the d r i l l i n g i s improper, due t o f a c t o r s
such 1s a uorn cut t ing edge o r a hard spot on the workpiece, the
. m a t e r i a l cannot be removed as f a s t as t h e dr i l l I s b e i n g f e d i n t o
it, When th i s occurs, the drill d e f l e c t s as a column and induces
a v i b r a t i o n s i g n a l as it scrapes on t h e s i d e o r b o t t o a of t h e
hole. If th is i s a l lowed t o continue, the column will collapse,
resu l t i ng i n drill fai lure. The de tec t ion method recognizes tha t
sc rap ing i n t h e h o l e i s synchronous with t h e r o t a t i o n o f t h e
spindle.

A second p r o j e c t i s concerned with sp ind le e r r o r t e s t i n g and
a n a l y s i s . B e s i d e s t h e q u a s i - s t a t i c e r r o r s o f i m p e r f e c t
geometry, l o a d deformat ions and t h e r m a l deformations, 8 machine
t o o l has e r r o r s associated with i t s dynamic behavior. The most
impor tant o f these e r r o r s a r e t h e spindle e r r o r mot ions and t h e
k inemat ic e r ro rs associated with t h e coord inat ion o f ax13 n o t i o n
and v ib ra t ions , both self - induced and forced,

A microprocessor -based system has been developed f o r sp ind le
e r r o r t a s t i n g and des ign t h a t uses a p o s i t i o n encoder, a high-
speed samp le - and - ho ld c i r c u i t , and a n a n a l o g - t o - d i g i t a l
c o n v e r t e r . I n a d d i t i o n , a d i s p l a c e m e n t t ransducer with w i d e -
bandwidth and extended dynamic range has been developed such t h a t
512 po in ts may be analyzed a t r o t a t i o n a l speeds up t o 10,000 rpm.
Because o f t h e l o w c o s t o f m l c r o p r o c c s s o r s , t h i s system can be
dedicated t o a machining cen te r f o r continuous monitoring.

Bobatic Rcal Cantral Svstcm

The rob -o t ic rea l - t ime cont ro l system program addresses th ree
maJor a r e a s - d e f i n i t i o n o f a r o b o t systems arch i tec tu re i n order
t o accemp l i sh r e a l - t i m e c o n t r o l , s p e c i f i c a t i o n o f f u n c t i o n a l
m o d u l e i n t e r f a c e s , and t h e s t u d y o f u s e r i n t e r f a c e s f o r
progr'amming and d iagnos t i c s . The sys tem a r c h i t e c t u r e i s a
p a r t i t i o n i n g t h e s y s t e m i n t o component f u n c t i o n a l modules.
I n t e r f a c e s between these modules can be descr ibed as wel l - def ined
inpu t and output da ta buffers. These data bu f fe rs , which r e s i d e
i n a common memory, become the mechanisms f o r i n t e r f a c i n g between
modules and t h e r e f o r e f o r i n t e r f a c i n g between t h e c o n t r o l sys tem
and sensors, robots, superv isory con t ro l , ctc. When a user i s t o
i n t e r a c t with a system o f t h i s complex i t y , a d d i t i o n a l f unc t i ona l
modules a r e r e q u i r e d . T h e i r i n t e r f a c e s shou ld be through t h e
same type of da ta b u f f e r s descr ibed above and thus a l l o w t h e use
o f v a r i o u s programming and d i s p l a y modules.
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A s e n s o r y - i n t e r a c t i v e r o b o t c o n t r o l sys tem h a s been
deve loped and implemented on t w o robo ts : a S t a n f o r d drn and a
PUMA 450. It i l l u s t r a t e s the fo l lowing points:

g e n e r i c t a s k decompos i t i on c o n t r o l modules o p e r a t i n g as
independent s t a t e machines I n a h i e r a r c h i c a l m u l t i - r c v e l
system.

a common-memory communications arch i tec ture , f o r a modularly
s t r uc tu red bystem, imp lementea on s i n g l e o r m u l t i p l e
p r o c e s s o ~ ~ .

common-memory rea lden t data i n te r f aces between the modules
of a s t r u c t u r e d system, t o be used as t h e mechanism f o r
In te r fac ing other sensora, supervisory control , dat8 babes,
and d i f f e ren t robo t hardware,

table - structured mechanism3 ,(such as state - tables) f o r the
represen ta t ion o f data and program con t ro l i n a convenient
f o r m f o r user i n t e r a c t i o n and modif icat ion.

t h e use of d f a g n o s t i c t o o l s t o access t h e v a r i a b l e s i n
common memory t o p rov fde r e a l - t f m e t r a c e o f user d e f i n e d
v a r i a b l e s and t h e i r subsequent formatted display.

RabatVisfanSvsttn -
The r o b o t v i s i o n work i s be ing per fo rmed i n t h r e e n a g o r

r e s e a r c h aceas: 1) t h e i n t e g r a t i o n o f r o b o t c o n t r o l theory with
i m a g e p r o c e s s i n g systems, 21 r e a l - t i m e g r a y s c a l e v i a i o n
processing, and 3) f a s t acqu is t ion o f rang8 datr.

The a p p l i c a t i o n o f c o n t r o l theory t o image processing
systems was Undertaken t o support t h e AHRF r o b o t v i s i o n n88dr.
It c a p i t a l i z e s on t h e f a c t t h a t r o b o t s encounter se ts o f l a r g e r
w h i c h f o r m cont inuous sequences. A system i s I n dave lopaon t
which serves as a h i e r a r c h i c a l l y organized in te rna l model o f the
sensory w o r l d by con t lnua l l y test ing t h e model's pred ic t ions rad
c o r r e c t i n g t h e mode l . The c u r r e n t s t a t e o f t h e model i r
con t i nuous l y a v a i l a b l e t o t h e c o n t r o l system. A t p resen t t h i s
proJc 'c t i s b e i n g i m p l e m e n t e d using g e o m e t r f c and t o p o l o g i c a l
m o d e l s d e r i v e d f r o m C A D d c s c r f p t i o n s , and u s i n g t h e 6- 0
st ruc tured L i g h t v i s i o n system t o t e s t t he pr td ic t lons.

I n suppo r t o f the l o n g e r t e r m AXRF tcqu l r tmcnts , and t o
prov ide a f a c i l i t y f o r v i s i o n competency research, a mul t i - s tage
g r a y - s c a l e i m a g e p rocess ing p i p e l i n e i s b e i n g des igned and
constructed. It will analyze a continuous st ream of consecut ive
256 x 256, e i g h t - b i t images, through a s e r i e s o f stages, a t f r a m e
rate. A v a r i e t y o f arithmetic and Boolean neighborhood ope ra to rs
may be a p p l i e d t o each p i x e l a t each stage, and m u l t i p l e feedback
l o o p s e x i s t b e t w e e n stages. A unique a r c h i t e c t u r e a l l o w s
p r o c e s s i n g w i th in t h e d e v i c e t o be g u i d e d by d a t a on e x p e c t e d
models f rom above as w e l l as data from below. U l t i m a t e l y , t h i s
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d e v i c e will be used i n con junc t i on with t h e AHRF r o b o t v i s i o n
system described above.

As p a r t o f t h e v i s i o n research , exper iments a r e be ing
c o n d u c t e d u s i n g m u l t i p l e s t r u c t u r e d l i g h t f r a m e s i n t h e
a c q u i s i t i o n of fu l l - f rame range images. The NBS system will use
e i g h t f rames of s t r u c t u r e d l i g h t , and i s capab le o f a n a l y z i n g a
256 x 256 image o f e i g h t - b i t ranges a t f r ame ra te . Thus, a fu l l -
frame e igh t - b i t range image can be acquired I n about 0.3 seconds.
Th is dev i ce will f ind a p p l i c a t i o n both I n r o b o t v i s i o n and i n
1aspect1on taskr,

t h e a b i l i t y o f t h e "6-0" r o b o t v i s i o n system t o a c q u i r e
unknown three - dimensional objects, a r b i t r a r i l y posi t ioned i n 3-
space has been demonstrated. It caa then guide t h e r o b o t i n
usefu l i n t e r a c t i o n with t h e ob jec ts . An o b j e c t unknown t o t h e
robot 's so f tware can be placed I n a random l o c a t i o n with a random
3-0 or ientat ion. Using f l o o d flashes, the robo t can discover t h e
ob jec t . A l t e r n a t i n g f l o o d f l a s h e s with two - p lane f lashes , it
approaches t h e o b j e c t and d i s c o v e r s t h e 3-D o r i e n t a t i o n o f i t s
l a r g e s t surface. The robo t then positions I t s e l f normal t o that
surface. Using the combined in format ion f r o m both i l l um ina t ion
types, it c o r r e c t l y i n t e r p r e t s t h e o b j e c t ' s 2-0 o u t l i n e I n 3-
space and l o c a t e s i t s c e n t r o i d and p r i n c l p e l ax is . It then
a t temp ts t o grasp it squarely across i t s narrowest dimension a t
t h e c e n t e r o f g r a v i t y and remove it f r o m t h e f i e l d . Becauae it
can d i r e c t l y sense t h e range t o surfaces, it can c o r r e c t l y repeat
t h i s p rocess t o un load a s tack of ob jec ts . Because it i s n o t
in te rp re t i ng the scene with respect t o in terna l models o f ob jec ts
o r t h e phys i cs of grasp ing, c o r r e c t per formance i s c u r r e n t l y
l i m i t e d t o s imple si tuat ions.

Robot sensor systems are being developed through a number o f
i n t e r r e l a t e d p ro jec ts:

(a) AHRF Bsbot I n t e g r a t i o n - Each commercia l r obo t i n t h e AMRF
will be equipped with an NBS C o n t r o l l e r , a sensory system,
ari instumenttd end- effector (g r i ppe r ) and a s a f e t y system.
This p r o j e c t I s t h e I n t e g r a t i o n and t e s t o f a l l o f the above
systems with each commercia l robot.

(b) I ns t rumen ted G r i p p e r - Each work s t a t i o n i n t h e AHRF may
r e q u i r e d i f f e r e n t t y p e s o f g r i p p e r s . The c u r r e n t
development e f f o r t i s a two - f ingered pneumat i ca l l y ac tua ted
gr ipper which can be servoed on f inger p o s i t i o n and g r i p p i n g
f o r c e . T h i s g r i p p e r will be used o n t h e h o r i z o n t a l
machining center robot.

Safe ty Systems = Current ly under development i s a W a t c h d o g "
S a f e t y Computer wh i ch will m o n i t o r r o b o t j o i n t v e l o c i t y ,
a c c e l e r a t i o n , and p o s i t i o n . The c o m p u t e r will h a v e
independent c a p a b i l i t y t o s t o p t h e r o b o t if it exceeds p r c -
s e t l i m i t s .
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(d) Robot C a r t - A commercial robot c a r t I s being modi f ied f o r
c o n t r o l with an on-board mic roprocessor and a command and
status R/F communications link.

(e ) Robot Performance Heasurement - This p ro jec t will develop
techn iques wh i ch can be s t a n d a r d l z e d t o a c h i e v e au tomated
o n - s i t e measurement, ana l ys i s , e v a l u a t i o n and c o n t r o l o f
robo t performance.

V I .
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